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Sialic acid and crystal binding. rial that, for some reason, did not leave the kidney. The
Background. We studied the role of cell surface sialic acid attachment of crystals to the surface of epithelial cells
in the adherence of calcium oxalate monohydrate (COM) crys- lining the renal tubules could be one of the mechanismstals to Madin-Darby canine kidney (MDCK) cells.
by which crystals are retained. Previously, we presentedMethods. Studies were performed with undifferentiated
experimental evidence that calcium oxalate crystals do not(crystal-binding) cells in subconfluent cultures and maturated
(noncrystal-binding) cells in confluent cultures. Lectins were become attached to the surface of intact maturated lay-
used to study the emergence and abundance of oligosaccha- ers formed by Madin-Darby canine kidney-I (MDCK-I)
rides at the cell surface during epithelial development. The cells [1]. However, crystals were able to adhere to theeffect of neuraminidase treatment on crystal binding was stud-
surface of subconfluent cultures and to migrating cellsied with [14C]COM crystals, and the enzyme-induced release
involved in the healing of wounds made in intact mono-of cell surface-associated sialic acid molecules was monitored
by labeling the cells metabolically with [3H]glucosamine layers [2]. These observations suggest that crystal binding
Results. Binding studies with lectins derived from Maackia molecules are exposed selectively at the surface of cells
Amurensis II (MALII) and Sambucus Nigra (SNA) demon-
that have not yet obtained or have lost their normalstrated that the cells expressed terminal sialic acids attached to
differentiated characteristics. The identity of the crystalpenultimate galactose through a2,3 and a2,6 bonds at different
stages of epithelial development. Neuraminidase treatment binding molecules at the surface of renal tubule cells is
strongly reduced the affinity of the cell surface for COM crystals still unknown. Since COM crystals can be viewed as large
in subconfluent cultures. Nevertheless, neuraminidase cleaved cationic particles due to calcium ions at their surface, it
more sialic acids from cells in confluent cultures than from
has been proposed that they might be attracted electro-those in subconfluent cultures. Peanut agglutinin (PNA), which
statically by anionic molecules at the epithelial cell sur-binds only to sialylated terminal galactose units, adhered to
developing but not to maturated cells, unless the latter were face [3, 4]. Sialic acid (N-acetyl neuraminic acid) is a
pretreated with neuraminidase. Both results indicate that the molecule that substantially contributes to the total cell
surface of maturated MDCK cells is more heavily sialylated surface charge and is one of the proposed candidatethan that of undifferentiated cells. Free sialic acid molecules
receptors for crystals. In the present study, the role ofshowed little or no affinity for COM crystals and did not affect
sialic acid in crystal binding was evaluated.the adherence of the crystals to undifferentiated cells.
Conclusions. There are at least two models that may explain
these results. First, sialic acids are presented at the surface of
immature cells in an orientation that specifically matches crystal METHODS
surface characteristics favoring crystal–cell interactions. Sec- Materialsond, sialic acid molecules are not directly associated with the
crystals, but may be involved in the exposure of another crystal [3H]glucosamine (107 GBq/mmol) and [14C]oxalic acid
binding molecule at the cell surface. (4.07 GBq/mmol) were purchased from Amersham (Buck-
inghamshire, UK). N-acetyl neuraminic acid, N-acetyl
neuraminyl-lactose and neuraminidase type V from
The formation of calcium crystals in the renal tubular Clostridium perfinges (EC 3.2.1.18), were obtained from
fluid occasionally occurs in nephrons of all individuals. Sigma Chemical Co. (St Louis, MO, USA). Neuramini-
These crystals are normally eliminated with the urine. dase hydrolyzes terminal a2,3-, a2,6- and a2,8-ketosidic
Renal stones are the ultimate result of crystalline mate- bonds that join sialic acid to oligosaccharides. Endo-N-
acetylneuraminidase (Endo N) that specifically hy-
drolyze poly-a-2,8-sialosyl carbohydrate units from oli-Key words: calcium oxalate monohydrate, neuraminidase treatment,
oligosaccharides, epithelial cell, renal stones. gosaccharides [5] was kindly provided by Prof. Dr. F.A.
Troy II (Dept. of Biological Chemistry, University ofReceived for publication April 12, 1999
California, Davis, CA, USA). The lectins Maackiaand in revised form October 6, 1999
Accepted for publication December 1, 1999 Amurensis II (MAL II) [which bind sialic acid linked
(a2,3) to galactose (Gal)] [6], Sambucus Nigra (SNA)Ó 2000 by the International Society of Nephrology
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[which binds to sialic acid (a2,6) linked to terminal Gal], sequently, this culture medium was replaced by the same
medium containing 2 mCi/mL [3H]glucosamine, and theand peanut agglutinin (PNA) [which binds to galactosyl
(b1,3) N-acetylgalactosamine (GalNAc-b-1,3Gal)] [7] cells were incubated for an additional 24 hour period.
Metabolically labeled cells were used to monitor thewere obtained from Vector Laboratories (Burlingame,
CA, USA). enzymatic cleavage of glycoconjugates from the cell sur-
face, and to study the effect of this treatment on the
Cell culture ability of COM crystals to attach to the cell surface.
Madin-Darby canine kidney-I cells were kindly pro-
Isolation and separation of radiolabeled moleculesvided by Prof. Dr. G. van Meer (Laboratory for Cell
Biology and Histology, Amsterdam Medical Center, The Metabolically labeled cultures were also used to deter-
mine the amount of radioactivity incorporated into mac-Netherlands) [8]. The cells were seeded at a plating den-
sity of 1 3 106 cells on 24 mm polycarbonate porous romolecules. To measure the level of [3H]glucosamine-
labeled secreted molecules with a molecular weightfilter inserts (Corning Costar, Badhoevedorp, The Neth-
erlands) and cultured in Dulbecco’s modified minimal lower or higher than 50 kD, 250 m aliquots from the
apical fluid were run on Sephadex G-50 Superfine spinessential medium (DMEM; GIBCO) supplemented with
10% fetal calf serum (FCS; PAA Labs). Culture medium columns, and the amount of radioactivity in the run-
through fractions was determined in a scintillationwas refreshed every other day. The cells were routinely
checked for mycoplasma contamination and found to be counter. After the labeling procedure the porous inserts
were cut out and transferred to an Eppendorf tube, solu-negative.
bilized in 500 mL 4 mol/L guanidine/2% Triton X-100/
Lectin binding studies 0.05 mol/L sodium acetate buffer, pH 6.0, for one hour,
followed by sonification for one minute on ice. To deter-Binding studies were performed with biotinylated lec-
tins using the biotin-avidin system. Confocal microscopy mine the amount of [3H]glucosamine incorporated into
macromolecules, this cell homogenate was also run over(CLSM) was used to detect FITC-avidin D at the cell
surface, whereas the location of the cells was monitored a Sephadex G-50 column.
by counterstaining their nuclei with propidiumiodide (PI;
Effect of sialic acid and sialyllactose on1:500). The cultures were rinsed twice and 20 mg/mL of
crystal–cell interactionthe lectin of choice was added (1:100) in cortical collect-
ing duct buffer (CCD-A) and incubated for a period of To study if sialic acid or sialylated oligosaccharides
were capable of inhibiting crystal binding, 250 mLtwo hours at 48C, after which they were incubated for
another two hours at 48C with 2.5 mL avidin-FITC in a [14C]COM crystal suspension was preincubated in Ep-
pendorf tubes with 250 mL CCD-A (control), or withtotal volume of 1 mL phosphate buffered saline (PBS),
1.8 mmol/L CaCl2, 1% bovine serum albumin (BSA). 250 mL CCD-A containing 0.6 mmol/L sialic acid (SA)
or 40 mmol/L sialyllactose (NANL). After 15 minutesThe cells were rinsed three times with PBS and fixed for
15 minutes in 70% ethanol. After washing, the cells were the tubes were centrifuged, the supernatant replaced by
250 mL calcium oxalate–saturated water. Subconfluentincubated for 15 minutes with PI (1:500), washed again,
embedded into Vectashield and inspected by CLSM. MDCK-I cells then received 50 mL of this suspension at
the apical side to study the adherence of COM to theSamples preincubated with a 50-fold excess (1 mg/ml)
of the sialylated oligosaccharide, N-acetylneuraminyl- cell surface. In parallel, a portion of 50 mL COM suspen-
sion from each group was counted in a scintillationlactose (NANL), which consists of a mixture of sialic
acid linked (a2,3) and (a2,6) to Gal(1,4)Glc, were used counter to determine the total amount of applied radio-
activity.to check the specificity of MALII and SNA binding.
Calcium oxalate monohydrate crystal binding studies Affinity of radiolabeled molecules for the
crystal surfaceThe methods to prepare the COM crystals and the
COM crystal binding assay have been previously de- When terminal sialic acid residues can act as a receptor
for crystals, it is conceivable that sialic acid as a freescribed in detail [1, 2].
molecule is attracted by the crystal surface. This idea
Metabolic labeling studies was tested in the following experiment. MDCK cells
were metabolically labeled with [3H]glucosamine. TheGlucosamine is a precursor for sugar units including
N-acetyl glucosamine (GlcNAc), N-acetyl galactosamine cultures were washed with PBS, after which the apical
side received 400 mL DMEM, pH 5.1, with or without(GalNAc) and sialic acid (Neu5Ac) [9]. Glycoconjugates
were metabolically labeled with radioactive glucos- 1 U/mL neuraminidase (EC 3.1.2.18). Then, enzyme-
free DMEM (1500 mL) was applied to the basolateralamine. Cells were preincubated for 18 hours in modified
DMEM with a reduced glucose content (1 mg/mL). Sub- compartment. After an incubation period of 60 minutes,
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the apical fluid was collected and the amount of secreted of NANL, which is a mixture of (a2,3) and (a2,6) sialyl-
lactose. Pretreatment of MALII and SNA with NANLand/or released radioactivity measured. A 100 mL sample
was run over a Sephadex G-50 spin column to separate almost completely abolished lectin adherence (Fig. 1).
We also studied MALII and SNA binding after pretreat-macromolecules (fractions 4 to 6) from precursor glucos-
amine and released sialic acid molecules (fractions 9 to ing the cells for one to six hours with 1 U/mL neuramini-
dase. Although enzyme-treated cultures showed a lower11). Separated molecules derived from untreated and
neuraminidase treated cells were subsequently incubated staining intensity, they did not become completely nega-
tive, indicating that neuraminidase was unable to shavefor 15 minutes in an Eppendorf tube with an excess
amount (250 mL) nonradioactive COM crystals. After all sialic acid molecules from the cell surface (not shown).
Next, PNA binding was studied to detect nonsialylatedcentrifugation the amount of radioactivity was measured
in the pellet (crystal-associated) and in the supernatant terminal galactose units. It was found that PNA adhered
(noncrystal associated). to the surface of subconfluent MDCK-I cultures but not
to that of confluent monolayers, unless they were pre-
Sialic acid determination treated for one hour with 1 U/mL neuraminidase (Fig. 2).
Sialic acid was determined according to the method
Metabolic labeling studiesof Bo¨hm, Dauber and Baumeister [10]. Sialic acid was
used in a range between 0.05 and 2 mmol/L in CCD-A The MDCK-I cells were metabolically labeled for 24
buffered with 50 mmol/L HEPES. To directly determine hours with [3H]glucosamine. During this time period usu-
if sialic acid molecules can become associated with COM, ally about 10% of applied [3H]glucosamine incorporated
the crystals were added to a solution containing sialic into cellular (soluble and membrane-associated) glyco-
acid. After 15 minutes the crystals were collected by conjugates. Spent medium (conditioned medium), cell
centrifugation and the possible depletion of sialic acid homogenates and precursor ([3H]glucosamine) were run
from the solution was measured. After the crystals were on Sephadex G-50 spin columns. Molecules with a size
dissolved in 1 N HCl the amount of crystal-associated .50 kD, referred to as macromolecules, were run
sialic acid also was measured. through in fractions 4 to 8 (early fractions), whereas
smaller molecules with a size ,50 kD, hereafter referred
to as micromolecules, were collected in fractions 9 to 15
RESULTS
(late fractions). Free precursor label was entirely recov-
Lectin binding studies ered in these late fractions. [3H]labeled molecules iso-
lated from cell homogenates were recovered predomi-Lectin binding studies were performed to study if the
linkage of sialic acid molecules to galactose differs be- nantly in fractions 4 to 8 and thus consisted mainly of
macromolecules, whereas the spent medium containedtween cells with and without affinity for COM crystals.
Cells were seeded at a density of 1 3 106 cells/insert small and large molecules (Fig. 3). To study the effect
of neuraminidase on the release of sialic acid from theand lectin binding was studied at two days (high COM
binding capacity) and at seven days (low COM binding cell surface, confluent monolayers were metabolically
labeled and incubated in serum-free DMEM, pH 5.1capacity). These studies demonstrated that MALII and
SNA adhered to the cell surface at all stages of epithelial with or without 1 U/mL neuraminidase. The enzyme
rapidly cleaved radiolabeled cell surface molecules todevelopment (Fig. 1). To check the specificity of lectin
adherence to sialylated glycoconjugates, MALII and reach a plateau after about 60 minutes. At this time,
the enzyme released radioactivity was approximately sixSNA were preincubated with a 50 times excess (1 mg/mL)
c
Fig. 1. (top two rows) Confocal microscopic images of lectin binding to the surface of MDCK-I cells. Lectin from Maackia Amurensis II (MAL
II) predominantly binds sialic acid that is linked (a2,3) to galactose (Gal), whereas Sambucus Nigra (SNA) lectin preferentially adheres to sialic
acid attached to terminal Gal in a (a2,6) linkage. Binding is visualized (green) in horizontal (top) and vertical (bottom) scans using biotinylated
lectins and FITC labeled avidin (biotin-avidin system). Whereas the cell nuclei are stained with propidium iodide (red). These studies demonstrated
the presence of sialic acid in an (a2,3) and (a2,6)-linkage on the surface of subconfluent (2 days post-seeding) as well as confluent (7 days post-
seeding) cultures. MALII and SNA did not or only hardly bind to the cell surface after they were preincubated with an excess amount
N-acetylneuraminyl-lactose (NANL), which contains a mixture of sialic acid linked (a2,3) and (a2,6) to Gal(1,4)Glc, neuramin-lactose, suggesting
that these lectins bind specifically to sialylated oligosaccharides.
c
Fig. 2. (bottom row) Confocal microscopic images of the binding of peanut lectin (PNA) to the surface of subconfluent (2) and confluent (7)
MDCK-I cultures. PNA binds to Gal(b1,3)GalNAc if the Gal residue is not sialylated. The present study shows that PNA binds to subconfluent
but not to confluent cultures, suggesting that confluent monolayers are more heavily sialylated. This is confirmed by the observation that PNA
could bind to confluent monolayers after they were pretreated with neuraminidase (7 1 sialidase).
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Endo N. These studies showed that, compared to un-
treated controls, the level of COM crystal binding sig-
nificantly decreased by neuraminidase (,50% reduc-
tion) but not by Endo N (Fig. 5). To study the role of
sialic acid in crystal binding in more detail, metabolically
labeled cells were treated with neuraminidase and the
effects on sialic acid release and crystal binding com-
pared at different stages of epithelial development. It
was found that the amount of enzyme releasable mole-
cules was much larger in confluent (7 days post-seeding)
than in subconfluent (2 days post-seeding) cultures (Fig.
6B). Subconfluent cultures contain approximately 2 3
106 cells/insert, whereas confluent monolayers contain
about 3.3 3 106 cells/insert. Corrected for the amount
of cells, confluent monolayers incorporated about two
times more [3H]glucosamine than cells in subconfluent
cultures, indicating that the level of glycosylation is
higher in differentiated cells than in undifferentiated
cells. The level of crystal binding is relatively high to
subconfluent cultures (9.33 6 1.02 mg/cm2) and low to
confluent monolayers (1.37 6 0.34 mg/cm2). The removal
of sialic acid from the cell surface decreased the level of
crystal binding by approximately 50% to subconfluent
(4.30 6 1.18 mg/cm2) and confluent monolayers (0.71 6Fig. 3. MDCK-I cells were metabolically labeled for 24 hours with
[3H]glucosamine, after which the conditioned medium was collected 0.10 mg/cm2) (Fig. 6A).
and the cells were scraped. Subsequently, cell homogenates made in 4 To study the possible expression of polysialic acid at
mol/L guanidine/2% Triton X-100/0.05 mol/L sodium acetate buffer,
the cell surface, [3H]glucosamine labeled cells werepH 6.0, collected medium and [3H]labeled glucosamine were run on
Sephadex G-50 spin columns. Molecules with a size .50 kD (macromol- treated with the polysialic acid-specific enzyme Endo-N
ecules) are eluted predominantly in fractions 4 to 8 and molecules with and the release of label determined. Subconfluent and
a size ,50 kDa in fractions 9 to 15. The radioactively labeled precursor
confluent cultures were metabolically labeled as de-glucosamine consisted almost entirely of small molecules (m), [3H]la-
beled substances isolated from cell homogenates predominantly con- scribed above. The cells received Endo N at the apical
tained macromolecules (s), whereas the conditioned medium consisted side in DMEM, pH 7.4 and the release of radioactivity
of small-and large molecules (d). The values given are means 6 SD
was monitored during a period of 60 minutes. In subcon-of three independent measurements of a representative experiment that
was repeated at least three times. fluent cultures the amount of enzyme-induced release of
radiolabel was slightly higher (566 6 13 dpm) than the
spontaneous release in untreated controls (494 6 11
dpm), whereas in confluent monolayers there was no
times higher than the amount of spontaneous secreted significant difference between enzyme treated (1638 6
and/or released radioactivity in untreated controls (Fig. 144 dpm) and control (1663 6 148 dpm) cultures (not
4A). After running the apical fluid of neuraminidase- shown).
treated and untreated cultures over Sephadex G-50 col-
umns, it became clear that the apical fluid of untreated Effect of sialic acid and sialyllactose on
controls consisted in equal parts of micromolecules and crystal–cell interaction
macromolecules (Fig. 4B), whereas in enzyme treated To study if sialic acid or sialylated oligosaccharides
cultures the apical fluid contained more than sixfold (NANL) can inhibit crystal binding, [14C]COM crystals
more radiolabel. These radioactively labeled substances were preincubated with a final concentration of 0.3
consited predominantly of molecules with a ,50 kD size, mmol/L sialic acid or 20 mmol/L NANL. These studies
suggesting that neuraminidase indeed cleaved relatively showed that neither sialic acid nor sialyllactose had any
small terminal sialic acid units from cell surface associ- inhibitory effect on the adherence of COM to MDCK
ated sialoglycoconjugates (Fig. 4B). cells (data not shown).
Enzyme treatment studies MDCK-derived radiolabeled molecules and their
adherence to COM crystalsThe effect of various neuraminidase treatments on
COM crystal binding was investigated by exposure of The amount of label secreted and released by un-
treated controls was about 1000 dpm/100 mL/hour ofsubconfluent MDCK-I cultures to neuraminidase or
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Fig. 4. Confluent MDCK monolayers were
metabolically labeled with [3H]glucosamine
and treated at the apical plasma membrane
with or without 1 U/ml neuraminidase (Ndase).
(A) Compared to untreated controls (s),
neuraminidase (d) induced a sixfold higher
release of [3H]molecules. (B) Neuraminidase
released substances that exclusively consisted
of molecules with a size ,50 kD, suggesting
that this enzyme indeed specifically cleaved
sialic acid molecules from the cell surface (h,
molecules,50 kD; j, molecules .50 kD).
Data are means 6 SD of three independent
measurements of a representative experiment
that was repeated at least three times.
which 69% were macromolecules. In the same time pe-
riod, the amount of enzyme released radioactivity was
about threefold higher and consisted for only 30% of
macromolecules. After incubating these fractions with
COM, it was found that approximately 80% of the mac-
romolecules secreted by control cells became associated
with the crystals, indicating that most glycoconjugates
secreted by MDCK cells had affinity for crystals. In con-
trast, small molecules derived from untreated controls
had only little affinity for the crystal surface. More impor-
tantly, also only 6% of the small molecules that were
cleaved by neuraminidase could adhere to COM, sug-
gesting that sialic acid cleaved from the cell surface ap-
parently had no affinity for the crystal surface (Table
1). The macromolecule fraction of enzyme-treated cells
could not be evaluated, because the enzyme itself was
also collected in this fraction and appeared to interfere
with crystal-[3H]macromolecule interaction (data not
shown).
Affinity of COM crystals for sialic acid
The assay for the determination of sialic acid showed
that the optical density measurements were linear in a
sialic acid range from 20 to 200 nmoles (not shown). To
study the possible absorption of sialic acid to the surface
of COM crystals, 169 nmoles sialic acid were incubatedFig. 5. Effect of enzyme treatment on COM crystal binding. Subcon-
fluent MDCK cultures were treated for 1 hour with various enzymes for 15 minutes with 584 mg COM. The tubes were centri-
including neuraminidase (type 5), that in serum-free DMEM at 378C,
fuged and sialic acid was determined in the supernatantpH 5.1, cleaves terminal sialic acid residues from cell surface oligosac-
charides, and Endo-N-acetylneuraminidase (Endo N), which in serum- (nonassociated with COM crystals), in the pellet after it
free DMEM at 378C, pH 7.4, specifically hydrolyzes poly-a-2,8-sialosyl was dissolved in 1 N HCl (associated with COM crystals),carbohydrate units from the cell surface. Compared to untreated con-
as well as in tubes that did not receive crystals (totaltrols (h), the level of COM crystal binding is significantly decreased
by neuraminidase (j), but not by Endo N ( ). Effect of neuraminidase amount). These studies showed that sialic acid is en-
but not of Endo N was statistically significant different analyzed with tirely recovered in the supernatant and not in the pelletthe paired Student’s t-test, *P , 0.02, means 6 SD of three independent
measurements of a representative experiment. (Table 2).
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Fig. 6. Subconfluent and confluent MDCK-I
cells were metabolically labeled with [3H]-
glucosamine and the effect of neuramini-
dase (Ndase) treatment was determined on
[14C]COM crystal binding and the release of
[3H]sialic acid in double label experiments.
Symbols are: (j) control; (h) Ndase. (A)
COM crystal binding. The level of crystal
binding is high in subconfluent cultures (2 days
post-seeding) and low in confluent mono-
layers (7 days post-seeding). The removal of
sialic acid from the cell surface resulted in an
approximately 50% reduction in crystal bind-
ing to subconfluent cultures (2 days post-seed-
ing) as well as to confluent monolayers (7 days
after plating) monolayers. (B) The release of
[3H]molecules. The release of radioactivity is
much larger in confluent than in subconfluent
cultures, indicating that the surface of conflu-
ent monolayers contains more terminal sialic
acid units. Data are means 6 SD of three
independent measurements of a representa-
tive experiment repeated at least three times.
*P , 0.02, statistically significant different
compared to untreated controls analyzed with
paired Student’s t-test.
Table 1. Affinity of COM crystals for [3H]molecules ,50 kD attracted by the surface of proliferating and migrating
(including sialic acid) shaved from the cell surface by 1 U/mL
cells that are involved in the wound healing process. Theneuraminidase in one hour and [3H]macromolecules secreted
by controls into the apical fluid in the same time period seeding of cells at subconfluent densities resembles this
process, since under this condition cells also grow untilCrystal
they contact neighboring cells at confluency. Soon afterassociated molecules
% confluency is reached the cells obtain their differentiated
[3H]macromolecules secreted by controls 79.462.1 morphological and functional characteristics. Indeed,
crystal binding studies showed that crystals avidly ad-[3H]molecules cleaved by neuraminidase 5.562.6
hered to cells in subconfluent cultures that decreasedData are expressed as the percentage of applied dpm.
rapidly after a functional epithelium had formed [1, 2].
The question that remains to be answered is: What is
the identity of the cell surface crystal binding molecules?
Table 2. Affinity of COM crystals for sialic acid The answer to this question might have clinical implica-
Sialic acid tions, since these crystal binding molecules could be the
nmol sites that are exposed on the surface of the renal cells
Non-associated with COM crystals 18463 of stone patients. When these receptors are identified,
(108%) we might be able to design strategies to inactivate them
Associated with COM crystals 1061 or to reduce their presence at the cell surface.
(6%) Lieske et al have proposed that cell surface sialic acid
Free and COM crystal-associated sialic acid was determined after pre-incubat- molecules could be receptors for crystals [4]. They founding the crystals with sialic acid.
that the adherence of COM crystals to renal tubule cells
was inhibited by lectins with affinity for sialic acid resi-
dues, such as by WGA, LPL and KLL, but not by lectins
DISCUSSION without affinity for sialic acid including ConA and STL.
In addition, it was found that the level of COM bindingThe attachment of calcium crystals to the epithelial
could be strongly reduced by pretreating the cells withtubule cells in the nephron is considered a pathological
neuraminidase. COM adhesion was also reduced afterprocess that results in the retention of crystalline mate-
pretreatment of the cells with proteases but not by hepa-rial in the kidney and ultimately in the development of
rinase or chondroitinase ABC. From these observationsa renal stone. Previously, we presented evidence that
it was suggested that cationic COM crystals may adherehealthy epithelia normally are protected from the adher-
to negatively-charged terminal sialic acid residues of cellence of crystals. The tissue becomes susceptible to crystal
attachment after epithelial damage because crystals are surface glycoconjugates. This idea was supported by the
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finding that, compared to nonstone formers, there are mechanisms for regulating the appearance of develop-
mentally important specific oligosaccharides. Maturationdifferences in the linkage of sialic acid to cell surface
carbohydrates in the renal collecting duct of stone for- of the cell surface glycocalyx generally is accompanied by
an increase in sialyl transferase activity and subsequentmers [11]. It should be emphasized, however, that no
proof has been provided that crystals actually can be- sialylation of terminal galactose residues [13–15]. The
observed reduction in crystal binding to the surface ofcome physically associated with sialic acid molecules.
In the present article, we studied the direct relation- highly differentiated and sialylated cells, however, is in
conflict with the hypothesis that sialic acid acts as a recep-ship between the presence of sialic acid at the cell surface,
the manner by which it is linked to oligosaccharide chains tor for crystals.
On the other hand, we found that crystal binding sig-and the adherence of crystals. Sialic acid is a common
terminal residue of the oligosaccharide side chains from nificantly decreased after the removal of sialic acid from
the cell surface with neuraminidase (Fig. 5). This is con-complex cell surface associated glycoconjugates. A spe-
cial form of sialic acid is polysialic acid that consists of fusing because, in contrast to the lectin binding studies,
this supports the idea that sialic acid is involved in crystalsialic acid chains joined internally by (a2,8)-or (a2,9)
ketosidic linkages [5]. Polysialic acid is temporally ex- binding. How can this discrepancy be explained? As
suggested by Mandel, it is possible that the attachmentpressed in postnatal rat kidneys and is developmentally
regulated as evidenced by their gradual disappearance of COM to the cell surface requires complementary mo-
lecular arrays of plasma membrane components [16].during kidney maturation [12]. In subconfluent cultures,
therefore, polysialic acid could be a candidate crystal According to this idea, the relatively low level of glyco-
conjugate sialylation at the surface of cells in subcon-binding molecule. However, treatment with Endo-N, an
enzyme that specifically cleaves polysialic acid from gly- fluent cultures corresponds better with the crystal surface
(Fig. 7A) than the more densely packed sialic acid mole-coconjugates, did not affect crystal binding; the amount
of radiolabel that could be released by this enzyme from cules at the surface of heavily sialylated differentiated
cells in functional monolayers (Fig. 7C). In other words,metabolically labeled subconfluent cultures was only
moderately higher than that in untreated controls. It it is possible that the affinity of the luminal surface of
tubule epithelial cells for calcium oxalate crystals de-should be noted that, although we carefully followed the
instructions given by Prof. Troy [5], it cannot be excluded pends on the three-dimensional spatial conformation of
terminal sialic acid residues protruding from the cellthat Endo-N was not active in our hands, because a
positive control experiment was not performed. With surface into the peripheral space.
To study whether or not unbound sialic acid or sialy-this restriction in mind, our results do not support a
potential role for polysialic acids in crystal binding. lated oligosaccharides can influence crystal–cell interac-
tion, we measured the binding of COM crystals to theUsing lectins that preferentially bind to terminal sialic
acid attached to galactose in a (a2,3)-(MALII), or (a2,6) surface of subconfluent MDCK cells after preincubating
the crystals with sialic acid and sialyllactose at physiologi-linkage (SNA), we investigated if, with respect to the
manner by which sialic acid is linked, the surface of cally relevant concentrations (0.3 mmol/L [17], and 20
mmol/L [18], respectively). These studies showed thatcrystal attracting cells differed from that of cells that are
protected from crystal binding. These studies showed sialic acid nor sialyllactose had any effect on crystal-cell
adherence, suggesting that these compounds did not bindthat the surface of crystal attracting as well as crystal
repulsing cells are endowed with a coat that contains to the crystal surface, or that binding did not influence
the interaction of COM with cells. These results are insialic acid attached to galactose in both linkages (Fig.
1). We also studied the adherence of another lectin, agreement with a recent report in which it was demon-
strated that free sialic acid had no effect on calciumPNA, which binds only to unsialylated galactose sites.
PNA was found to adhere to subconfluent but not to oxalate crystal growth [19]. To study the affinity of the
COM crystal surface for sialic acid, radiolabeled sialicconfluent MDCK cultures. Binding to confluent mono-
layers was only observed after prior treatment with neur- acid molecules were isolated from metabolically labeled
cells in subconfluent cultures. Subsequently, these sialicaminidase (Fig. 2). Apparently, the removal of sialic acid
resulted in the exposure at the cell surface of Gal(b1,3)- acid molecules were incubated with COM crystals. This
experiment showed that enzyme-derived moleculesGalNAc residues, suggesting that the level of sialylation
is higher at the surface of confluent and differentiated smaller than 50 kD hardly adhered to the crystal surface
(Table 1). Although it cannot be excluded that the enzy-MDCK-I cells. This was confirmed by metabolic labeling
studies which showed that the amount of neuraminidase matical removal of sialic acid altered its structural prop-
erties, these results further suggest that the crystal sur-releasable small molecules (,50 kD) is higher in conflu-
ent than in subconfluent cultures (Fig. 6). Studies of cell face has no affinity for free sialic acid. Finally, the affinity
of sialic acid for crystals was studied by adding COMsurface carbohydrate structures during differentiation
have shown that there are diverse and highly specific crystals to a sialic acid containing solution after which the
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Fig. 7. Terminal sialic acid molecules have
been proposed as cell surface binding mole-
cule (receptor) for calcium crystals. The re-
sults from this study show, however, that an
increase in the amount of sialic acid molecules
at the cell surface does not lead to an increase
in crystal binding, but to decreased amounts of
crystal binding. In addition, it is demonstrated
that sialic acid itself apparently has no affinity
for the crystal surface. Nevertheless, the level
of crystal binding can be reduced by pretreat-
ing the cells with an enzyme that specifically
cleaves sialic acid from the cell surface. These
observations suggest that sialic acid is indi-
rectly involved in the binding of COM crystals
to the cell surface, or that crystals are attracted
by a cell surface with a relatively low level of
sialylated glycoconjugates. (A) The attach-
ment of COM crystals favored by the three
dimensional structure of incompletely sialy-
lated cell surface-associated glycoconjugates.
(B) COM crystal attachment to a crystal bind-
ing molecule (CBM) associated with incom-
pletely sialylated oligosaccharides at the sur-
face of subconfluent and undifferentiated
MDCK-I cells. (C) The heavily sialylated sur-
face of differentiated MDCK-I cells has no
affinity for COM crystals. Abbreviations are:
NeuAc, N-acetylneuraminic acid; Gal, galac-
tose; GlcNAc, N-acetylglucosamine; GalNAc,
N-acetylgalactosamine; Man, mannose.
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possible crystal-induced depletion of the total amount of matic removal of sialic acid residues, but an increase in
cell surface sialylation during epithelial differentiationsialic acid in the solution was determined. The crystals
were collected and dissolved in acid to determine the is accompanied by decreased levels of crystal binding. It
is possible that a surface low in sialic acid moleculescrystal associated amount of sialic acid. These studies
showed that there is no reduction in the total amount favors crystal binding because under these conditions
the three dimensional structure of the crystals matchesof free sialic acid molecules in the solution and only
small amounts of sialic acid (10%) were found to be the spatial conformation of the sialic acid molecules.
Alternatively, it is conceivable that sialic acid plays anassociated with COM (Table 2). On the basis of these
observations it is possible that sialic acid molecules are indirect role in crystal binding because it mediates the
association with the cell surface of another, thus far un-not directly involved in crystal binding. Crystal binding
molecules (CBMs) may be transiently expressed at the identified, CBM. Clearly, additional studies are required
to further elucidate the exact role of sialic acid in crystalsurface of crystal attracting subconfluent or migrating
cells, to be released again in the apical fluid after the binding.
epithelium is sufficiently maturated. According to this
idea, sialic acid molecules are not necessarily directly ACKNOWLEDGMENTS
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